1. Introduction {#sec1-nutrients-12-01505}
===============

More than half of the adult population in Europe and two-thirds in the United States are either overweight or obese \[[@B1-nutrients-12-01505],[@B2-nutrients-12-01505]\]. Around 641 million adults worldwide are obese, and more than 450 million adults are diabetic \[[@B3-nutrients-12-01505],[@B4-nutrients-12-01505]\]. Wide-ranging factors including intra-uterine and postnatal growth, genetic susceptibility, unhealthy diet, socioeconomic status, physical activity and hormonal disorders contribute to obesity and related metabolic disorders \[[@B5-nutrients-12-01505]\]. Out of these, "unhealthy" diet is the major modifiable factor that can be targeted to control obesity and metabolic disease. But despite several recommendations and guidelines for "healthy" diets with different macronutrient compositions, a substantial reduction in body weight, and long-term compliance across populations have not been achieved so far \[[@B6-nutrients-12-01505]\].

For several decades, because of their greater caloric density, dietary fats have been described as an integral ingredient of an "unhealthy" diet. Increased fat consumption has been considered responsible for obesity and associated metabolic disease \[[@B7-nutrients-12-01505],[@B8-nutrients-12-01505]\]. In particular, saturated fats have been linked to adverse cardiovascular outcomes \[[@B9-nutrients-12-01505],[@B10-nutrients-12-01505]\]. Diets rich in saturated fats have been widely employed in rodent studies to study the mechanisms of insulin resistance \[[@B11-nutrients-12-01505],[@B12-nutrients-12-01505]\]. In this narrative review, we discuss the epidemiological and experimental evidence linking fats to cardio-metabolic disease. We also provide an in-depth overview of the findings from animal studies that have led to ceramide and diacylglycerol models of insulin resistance.

2. Epidemiological Evidence for the Association Between Dietary Fat and the Risk of Obesity and Cardiovascular Disease {#sec2-nutrients-12-01505}
======================================================================================================================

The prevalence of obesity and type 2 diabetes has dramatically increased over the past few decades worldwide \[[@B13-nutrients-12-01505]\]. It is widely accepted that increased intake of fat, especially saturated fat, is a major driver of the increase in obesity and increased incidence of cardiometabolic disease \[[@B7-nutrients-12-01505],[@B8-nutrients-12-01505]\]. For example, analysis of data from 20 countries showed that the proportion of overweight/obese subjects positively correlated with the proportion of energy intake from fat \[[@B14-nutrients-12-01505]\]. In addition, analysis of data from 28 trials showed a decrease in body weight of 1.6 g/d for every percentage decrease in daily energy intake from fat \[[@B14-nutrients-12-01505]\]. Specifically, increased consumption of saturated fats has been associated with risk factors such as elevated concentrations of low-density lipoprotein (LDL)-cholesterol and apolipoprotein B \[[@B9-nutrients-12-01505],[@B10-nutrients-12-01505],[@B15-nutrients-12-01505]\]. Similarly, high intake of trans unsaturated fatty acids increases the risk of heart disease and cardiovascular mortality \[[@B9-nutrients-12-01505],[@B16-nutrients-12-01505]\]. Current dietary recommendations advocate restricting the consumption of saturated fatty acids for cardiovascular health benefits \[[@B9-nutrients-12-01505]\]. In contrast, a meta-analysis of observational studies and clinical trial showed that saturated fat consumption is not associated with increased risk of coronary artery disease \[[@B17-nutrients-12-01505]\]. Similarly, another meta-analysis showed that saturated fat intake is not associated with coronary artery disease or stroke \[[@B18-nutrients-12-01505]\]. This has led to calls for revising the guidelines against decreasing saturated fat intake. Although there is disagreement on the role of reducing saturated fat consumption for cardiovascular health, consensus is emerging that instead of focusing on individual nutrient (saturated fat) the recommendations should be food-based. Furthermore, not all types of fats are equal in their effects, and evidence suggests that replacing dietary saturated fatty acids with polyunsaturated fatty acids (PUFA) reduces the risk of cardiovascular mortality \[[@B9-nutrients-12-01505],[@B19-nutrients-12-01505]\]. These PUFAs are of two main types: Omega-6 PUFAs are found in vegetables and vegetable oils; omega-3 PUFAs include alpha-linolenic acid (ALA), eicosapentaenoic acid (EPA), and docosahexaenoic acid (DHA). ALA is sourced from vegetable oils while seafood including fish and shellfish is rich in EPA and DHA \[[@B9-nutrients-12-01505],[@B19-nutrients-12-01505]\].

3. Fat vs. Carbohydrate Intake and Cardiometabolic Risk {#sec3-nutrients-12-01505}
=======================================================

A consequence of the recommendations to cut down saturated fat intake has been a concomitant increase in the proportion of refined carbohydrates in the diet \[[@B20-nutrients-12-01505]\]. Therefore unsurprisingly, the focus in recent years has gradually shifted from saturated fat intake to carbohydrate intake, with particular interest in the relationship between processed carbohydrates including fructose-containing sugars and obesity \[[@B21-nutrients-12-01505]\]. This has led to controversy and the "fat vs. carb" debate in the nutrition science community \[[@B22-nutrients-12-01505]\]. Most notably, the Prospective Urban Rural Epidemiology (PURE) study---one of the most extensive studies in this field in recent years---has suggested that fat intake does not increase the risk of cardiometabolic disease. This study documented macronutrient consumption data of 100,000 adults between 2003 and 2013 across 18 countries around the world \[[@B23-nutrients-12-01505]\]. The results showed that dietary fat intake reduced the risk of all-cause mortality (Hazard Ratio 0.77 for quintile 5 vs. quintile 1). Similarly, comparison of highest vs. lowest quintile showed a decrease in total mortality with increasing consumption of saturated fats \[[@B23-nutrients-12-01505]\]. However, the risk of mortality increased with carbohydrate intake (HR 1.28) \[[@B23-nutrients-12-01505]\]. Isocaloric (5% energy) substitution of carbohydrate with saturated fatty acids reduced the risk of stroke by 20% \[[@B23-nutrients-12-01505]\]. Fat intake was associated with improvements in lipid markers of cardiovascular health (lower ratios of total cholesterol and high-density lipoprotein (HDL) cholesterol, lower triglyceridemia and lower ratio of apolipoprotein B to ApoA1), but these markers became worse with carbohydrate intake \[[@B24-nutrients-12-01505]\]. Therefore, it was proposed that current dietary guidelines should be modified to endorse the benefits of fat intake \[[@B23-nutrients-12-01505]\]. However, the authors of the PURE study have acknowledged that the food frequency questionnaires used in their work are not a reliable measure of absolute intake, and dietary intake assessments only at baseline is a major limitations of their work \[[@B23-nutrients-12-01505],[@B24-nutrients-12-01505]\]. Others have questioned the accuracy of the PURE study data for carbohydrate and fat intake for a Chinese population \[[@B25-nutrients-12-01505]\]. In addition, Seidelmann et al., have shown that the relationship between carbohydrate consumption and mortality risk is U-shaped, the mortality risk being lowest when 50--55% of calories are sourced from carbohydrates. The increase in mortality risk reported by the PURE study is based on the data comparing very high carbohydrate intake (70% energy) with moderate carbohydrate intake (45--55% energy) \[[@B26-nutrients-12-01505]\]. Replacing carbohydrates with plant-based fat and protein was found to reduce the risk of mortality, but animal-derived fat and protein had opposite effects \[[@B26-nutrients-12-01505]\]. These observations underscore the importance of a multi-nutrient/food-based approach to nutrition science research to address the disagreements about the role of fat in causing metabolic disease \[[@B27-nutrients-12-01505]\].

4. Role of Dietary Fat in Regulating Food and Caloric Intake {#sec4-nutrients-12-01505}
============================================================

While carnivore animals prioritize fat intake, dietary studies have shown that omnivorous species including mice and humans prioritize protein intake over carbohydrate and fat \[[@B28-nutrients-12-01505],[@B29-nutrients-12-01505],[@B30-nutrients-12-01505],[@B31-nutrients-12-01505],[@B32-nutrients-12-01505],[@B33-nutrients-12-01505]\]. When the concentration of dietary protein decreases because of its dilution with fat and/or carbohydrate, these animals overconsume such a diet in an effort to reach their protein "intake target". This results in increased caloric intake on protein-diluted diets, a phenomenon known as "protein leverage" \[[@B34-nutrients-12-01505]\]. Conversely, diets high in protein content lead to reduced caloric intake as the intake target for protein is reached with lower total food intake \[[@B31-nutrients-12-01505],[@B34-nutrients-12-01505]\]. Mice fed 25 different isocaloric diets containing different ratios of protein, fat, and carbohydrate showed that the animals regulated their protein intake more tightly than that of carbohydrate or fat, increasing food intake on low protein diets \[[@B30-nutrients-12-01505]\]. Regulatory feeding was also seen for carbohydrate, but was less marked than for protein \[[@B30-nutrients-12-01505]\]. On the contrary, dietary fat content had minimal effect on food intake and fat intake was relatively unregulated \[[@B30-nutrients-12-01505]\]. In contrast, carnivorous animals such as spiders, predatory beetles, cats, and mink give priority to fat intake (even over protein intake) and adjust their total food consumption to reach their fat intake target when provided diets with different amounts of fat \[[@B32-nutrients-12-01505],[@B33-nutrients-12-01505],[@B35-nutrients-12-01505],[@B36-nutrients-12-01505]\].

Dietary fat can induce obesity because of its palatability, especially when combined in foods with sugar and salt, and high caloric content. The energy density of fat (9 kcal/g) is ca. double that of carbohydrate (4 kcal/g) and protein (4 kcal/g) \[[@B6-nutrients-12-01505],[@B22-nutrients-12-01505],[@B37-nutrients-12-01505]\]. Therefore, replacing carbohydrate with fat on a gram for gram basis will increase the energy density of the food item \[[@B6-nutrients-12-01505],[@B22-nutrients-12-01505],[@B37-nutrients-12-01505]\]. Consequently, in humans, energy intake will tend to be elevated on diets that are low in protein, high in fat, sugar and salt, and low in fiber \[[@B30-nutrients-12-01505]\]. This combination is often found in ultra-processed food items, and increased consumption of these foods leads to weight gain and obesity \[[@B38-nutrients-12-01505],[@B39-nutrients-12-01505]\].

5. High-Fat Diet Rodent Model {#sec5-nutrients-12-01505}
=============================

Rodents maintained on high-fat diets (HFD) are commonly used in research to model human metabolic syndrome. In particular, Wistar/Sprague-Dawley rats and C57BL/6 mice fed HFD have been extensively used as a model of diet-induced obesity (DIO) to study the mechanisms of insulin resistance as they are comparatively more susceptible to metabolic impairment \[[@B40-nutrients-12-01505]\]. For example, the C57BL/6 strain is more prone to develop obesity and insulin resistance than A/J, C57BLKS/J, BALB/c, FVB/N, and 129S6 mice \[[@B40-nutrients-12-01505],[@B41-nutrients-12-01505],[@B42-nutrients-12-01505],[@B43-nutrients-12-01505]\]. The DIO rodent models are more relevant to humans than the monogenic animal models of obesity (*fa*/*fa* Zucker fatty rats, *ob*/*ob* and *db*/*db* mice) as germline defects in leptin production/signaling are rare in humans \[[@B43-nutrients-12-01505]\]. The two commonly used sub-strains of C57BL/6 mice used in DIO studies are C57BL/6J (from JAX lab) and C5BL/6N (from NIH) \[[@B41-nutrients-12-01505]\]. The C57BL/6J mice contain a mutation in the nicotinamide nucleotide transhydrogenase (*Nnt*) gene, gain more body weight, and have higher blood glucose levels and glucose tolerance than C57BL/6N mice on HFD \[[@B41-nutrients-12-01505],[@B44-nutrients-12-01505]\]. The HFDs used in metabolic research typically provide 40--60% of calories from fat, and the commonly used sources of fat include lard and beef tallow that are rich in saturated fatty acids \[[@B40-nutrients-12-01505]\]. In addition, plant oils including corn and safflower oil have also been used in HFDs \[[@B40-nutrients-12-01505]\]. The energy density of these diets is often higher than control diets used in rodent studies, which contributes to making them obesogenic \[[@B45-nutrients-12-01505]\]. Male mice are mostly used in experiments as they are more prone to HFD-induced insulin resistance than females \[[@B46-nutrients-12-01505]\].

Compared with standard chow-fed control mice, HFD induces obesity, moderate hyperglycemia, hyperinsulinemia, hypertriglyceridemia, steatosis, beta-cell dysfunction and hypertrophy, and insulin resistance in muscle and liver ([Figure 1](#nutrients-12-01505-f001){ref-type="fig"}) \[[@B40-nutrients-12-01505],[@B42-nutrients-12-01505]\]. The obesity involves both adipocyte hyperplasia and hypertrophy \[[@B42-nutrients-12-01505]\]. These diets induce glucose intolerance and hepatic insulin resistance in mice within a week \[[@B43-nutrients-12-01505],[@B47-nutrients-12-01505]\]. However, other features of the metabolic phenotype usually become apparent after more than 4 weeks of feeding \[[@B40-nutrients-12-01505],[@B42-nutrients-12-01505]\]. In many cases, HFD are also high in their sucrose (disaccharide of glucose and fructose) content, which is added to model fat and sugar-rich western diets \[[@B48-nutrients-12-01505]\]. This is because fructose potently stimulates de novo lipogenesis (DNL) in the liver and promotes visceral obesity \[[@B49-nutrients-12-01505]\]. Therefore, the addition of sucrose to a HFD (high-fat--high-sucrose diet; HFHSD) exacerbates the obesity and insulin resistance phenotype \[[@B50-nutrients-12-01505],[@B51-nutrients-12-01505]\]. Contrary to the fatty liver induced by HFD feeding, mice fed HFHSD additionally show signs of low-grade inflammation and fibrosis \[[@B48-nutrients-12-01505]\]. Thus, pure HFD does not lead to non-alcoholic steatohepatitis (NASH) in mice and addition of excess cholesterol and fructose to a HFD is required for hepatocyte ballooning and fibrosis \[[@B52-nutrients-12-01505]\]. Interestingly, when fed for long-term (12 months), the glucose tolerance of HFHSD-fed mice becomes similar to standard chow-fed control mice \[[@B47-nutrients-12-01505]\]. This is caused by a compensatory expansion of pancreatic beta-cells mass and consequent hyperinsulinemia \[[@B47-nutrients-12-01505]\]. Furthermore, it is important to note that HFD and HFHSD induce only moderate hyperglycemia, and these dietary interventions do not lead to overt diabetes \[[@B40-nutrients-12-01505],[@B42-nutrients-12-01505]\].

6. High-Fat Diet-Induced Insulin Resistance {#sec6-nutrients-12-01505}
===========================================

Mice and rats made obese by HFD-feeding have been widely used in experimental studies to investigate insulin signaling and insulin resistance at the molecular level. Insulin receptors are ubiquitously distributed in mammalian cells but major sites of insulin action include hepatocytes, adipocytes, skeletal muscle cells, and neurons \[[@B11-nutrients-12-01505],[@B53-nutrients-12-01505]\]. In the liver, insulin inhibits gluconeogenesis, stimulates glycogen synthesis and lipogenesis. Insulin signaling in skeletal muscle leads to glucose uptake and protein synthesis, while in adipose tissue insulin inhibits lipolysis and promotes glucose and fatty acid uptake \[[@B53-nutrients-12-01505]\]. Insulin-induced glucose uptake by muscle and fat cells involves translocation of glucose transporter type 4 (GLUT4) to the cell membrane. In neuronal cells, insulin activates locomotor and satiety signals \[[@B11-nutrients-12-01505],[@B53-nutrients-12-01505]\].

6.1. Insulin Signaling Pathway {#sec6dot1-nutrients-12-01505}
------------------------------

Binding of insulin to its receptor leads to phosphorylation of tyrosine residues in the receptor (IR) itself and in the insulin receptor substrates (mainly IRS1 and IRS2) \[[@B53-nutrients-12-01505]\]. Phosphorylation of IRS results in downstream activation of phosphatidylinositol 3-kinase (PI3K) and subsequent synthesis of triphosphorylated inositol (PIP~3~) at the cell membrane \[[@B54-nutrients-12-01505]\]. This is followed by the recruitment of phosphoinositide-dependent kinase (PDK), which activates Akt---a serine/threonine kinase---by phosphorylating it \[[@B54-nutrients-12-01505]\]. This activation of Akt links insulin signaling with translocation of GLUT4 to cell membrane in skeletal muscle and fat cells, glycogenesis, mammalian target of rapamycin (mTOR) activation and inhibitory phosphorylation of type 1 of the forkhead transcription factors of the O class (FOXO1) \[[@B53-nutrients-12-01505],[@B54-nutrients-12-01505]\]. In general, IR and IRS proteins are activated by tyrosine phosphorylation and inhibited by phosphorylation of their serine or threonine residues \[[@B53-nutrients-12-01505]\].

Insulin signaling in the liver inhibits gluconeogenesis by phosphorylation of FOXO1 and increases lipogenesis by activating transcription factor sterol regulatory element-binding protein (SREBP)-1c \[[@B11-nutrients-12-01505],[@B43-nutrients-12-01505]\]. FOXO1 is a transcription factor that induces the expression of genes associated with gluconeogenesis such as phosphoenolpyruvate carboxykinase (*PEPCK*) and glucose 6-phosphatase (*G6Pase*) \[[@B11-nutrients-12-01505]\]. Insulin-mediated phosphorylation of FOXO1 prevents it from entering the nucleus which decreases *PEPCK* and *G6Pase* transcript abundance \[[@B55-nutrients-12-01505]\]. SREBP1c is a transcription factor that increases the expression of genes involved in triglyceride synthesis including acetyl-CoA-caboxylase (*ACC*) and fatty acid synthase (*FAS*) \[[@B53-nutrients-12-01505]\]. Insulin activates SREBP1c by increasing its gene expression as well as acting post-translationally by increasing its processing to the mature form that translocates to the nucleus \[[@B55-nutrients-12-01505]\].

Insulin resistance is characterized by impaired insulin actions in target tissues and includes reduced glucose uptake in fat and muscle tissues, decreased suppression of endogenous glucose production in the liver, and reduced suppression of lipolysis in adipose tissue and a reduction in insulin-induced glycogen synthesis \[[@B11-nutrients-12-01505],[@B12-nutrients-12-01505]\]. Mechanistically, ceramides, diacylglycerol, and pro-inflammatory cytokines have been described in the literature as possible mediators of insulin resistance ([Figure 2](#nutrients-12-01505-f002){ref-type="fig"}) \[[@B11-nutrients-12-01505],[@B12-nutrients-12-01505]\].

6.2. DAG Model of Insulin Resistance {#sec6dot2-nutrients-12-01505}
------------------------------------

High-fat feeding in rodents increases the levels of sn-1,2-diacylglycerol (DAG) in liver and muscle and accumulation of DAG in the tissues activates calcium-independent "novel" isoforms of the protein kinase C (PKC) family \[[@B12-nutrients-12-01505]\]. In the liver, DAGs activate PKC-ε while in muscle PKC-θ is activated \[[@B54-nutrients-12-01505]\]. PKC activation results in phosphorylation of serine residues on IRS1 which blocks insulin-stimulated activating phosphorylation of tyrosine residues and decreases insulin-PI3K-Akt signaling \[[@B56-nutrients-12-01505]\]. In skeletal muscle, the decrease in insulin-PI3K-Akt signaling results in reduced GLUT-4 mediated glucose uptake in skeletal muscle tissue \[[@B11-nutrients-12-01505],[@B43-nutrients-12-01505]\].

The role of DAG mediated PKC-ε activation in the context of hepatic insulin resistance has been well studied. It has been shown that DAG-mediated activation of PKC-ε inhibits hepatic insulin signaling by phosphorylation of Thr1160 in the activation loop of IR that blocks its kinase activity \[[@B57-nutrients-12-01505]\]. Supporting the DAG model of insulin resistance, in obese subjects with non-alcoholic fatty liver disease (NAFLD), hepatic DAG content negatively correlated with insulin-induced suppression of hepatic glucose production \[[@B58-nutrients-12-01505]\]. Furthermore, hepatocyte cytosolic DAG content was associated with PKC-ε translocation from cytosol to plasma membrane, and the compartmentalization of DAG in plasma membrane was found to be critical in activating PKC-ε and inducing insulin resistance \[[@B12-nutrients-12-01505],[@B59-nutrients-12-01505],[@B60-nutrients-12-01505]\]. Comparative gene identification (CGI)-58 is a lipid droplet associated protein that regulates triglyceride lipase activity. In control HFD-fed mice, DAG increased in membrane fraction, but in CGI-58 knockdown mice, the increase in DAG was mainly in lipid droplet and endoplasmic reticulum (ER) that did not cause PKC-ε activation \[[@B60-nutrients-12-01505]\].

The DAG-PKC-ε model of hepatic insulin resistance has been challenged in a recent study. Global PKC-ε deletion protected HFD-fed mice from insulin resistance and glucose intolerance \[[@B61-nutrients-12-01505],[@B62-nutrients-12-01505]\]. In contrast, liver specific deletion of PKC-ε did not protect HFD-fed mice from glucose intolerance or insulin resistance (assessed by clamp studies) \[[@B61-nutrients-12-01505]\]. Interestingly, loss of PKC-ε in adipose tissue improved glucose tolerance but did not affect insulin-stimulated suppression of hepatic glucose production in HFD-fed mice \[[@B61-nutrients-12-01505]\]. Overall, this work showed that regulation of glucose homeostasis by PKC-ε is not mediated by its direct effects in the liver \[[@B61-nutrients-12-01505]\]. Loss of PKC-ε in adipocytes affected the expression of several genes associated with hepatocyte growth and metabolism suggesting that PKC-ε mediates metabolic cross talk between liver and adipose tissue \[[@B61-nutrients-12-01505]\].

It is not entirely clear why the findings of Brandon et al. \[[@B61-nutrients-12-01505]\] were contrary to previous findings of Shulman and colleagues that linked DAG-induced PKC-ε activation to hepatic insulin resistance \[[@B57-nutrients-12-01505]\]. It is possible that effects of hepatic PKC-ε deletion by Cre-Lox system were obscured by adaptive changes in the liver \[[@B63-nutrients-12-01505]\]. Brandon et al., mainly used euglycemic clamps to assess tissue specific insulin signaling \[[@B61-nutrients-12-01505]\]. Future studies should examine the effects of acute PKC-ε in adult animals and complement clamp studies with more direct assessment of hepatic insulin signaling by determining insulin-induced phosphorylation of Akt and IRS proteins.

6.3. Ceramide Model of Insulin Resistance {#sec6dot3-nutrients-12-01505}
-----------------------------------------

Ceramides are structural components of plasma membranes and are sphingolipids consisting of a sphingosine backbone joined to a fatty acid of variable length via an amide linkage \[[@B64-nutrients-12-01505]\]. The rate-limiting step in their biosynthesis is catalyzed by the enzyme serine palmitoyltransferase (SPT) \[[@B64-nutrients-12-01505],[@B65-nutrients-12-01505]\]. Rats treated with dexamethasone (glucocorticoid) showed increased ceramide content in the liver and elevated hepatic SPT expression. Pre-treatment of rats with myriocin (SPT inhibitor) protected from dexamethasone induced insulin resistance and glucose intolerance \[[@B65-nutrients-12-01505]\]. Similarly, rats administered lard-oil infusion (rich in saturated fatty acid palmitate) showed an increase in serum free fatty acid levels and ceramide abundance in liver and skeletal muscle \[[@B65-nutrients-12-01505]\]. Hyperinsulinemic-euglycemic clamp studies showed that lard infusion caused insulin resistance in liver and muscle, but these effects were reduced by myriocin \[[@B65-nutrients-12-01505]\]. In contrast, insulin resistance induced by soy oil infusion (rich in unsaturated fatty acid linoleate) was not inhibited by myriocin \[[@B65-nutrients-12-01505]\]. Similarly, in C2C12 myotubes, treatment with long chain saturated fatty acids (palmitate, stearate, arachidate, lignocerate) induced ceramide accumulation and inhibited insulin signaling, but these effects were not reproduced with unsaturated fatty acid oleate \[[@B66-nutrients-12-01505]\]. These studies showed that saturated fats, but not unsaturated fats, inhibit insulin signaling in a ceramide dependent manner \[[@B65-nutrients-12-01505]\].

The chain length of the acyl group in ceramides ranges from C~14:0~ to C~30:0~ and this is dependent on the ceramide synthase enzyme (CerS1-6) involved in their biosynthesis \[[@B67-nutrients-12-01505]\]. In obese humans and HFD-fed mice, abundance of C~16:0~ ceramide and CerS6 expression is increased in adipose tissue, and the latter was demonstrated to be significantly correlated with insulin resistance in humans \[[@B67-nutrients-12-01505]\]. Mice deficient in CerS6 were protected from HFD-induced obesity, showed improvements in glucose tolerance and insulin sensitivity, and increased energy expenditure coupled with higher fat oxidation in brown adipose tissue and liver \[[@B67-nutrients-12-01505]\]. This was associated with increased insulin stimulated Akt phosphorylation in liver, but not in skeletal muscle \[[@B67-nutrients-12-01505]\]. Ceramides contain a 4,5-trans double bond in their sphingoid base, but this bond is absent in dihydroceramides \[[@B68-nutrients-12-01505]\]. The ER resident enzyme dihydroceramide desaturase (Des1) inserts this double bond into ceramides \[[@B68-nutrients-12-01505]\]. Deletion of gene encoding Des1 resulted in increased ratio of dihydroceramide/ceramide in various tissues \[[@B68-nutrients-12-01505]\]. Obese mice (*ob*/*ob* and HFD) lacking Des1 were protected from obesity, fatty liver, and insulin resistance \[[@B68-nutrients-12-01505]\]. In hepatocytes, ceramide inhibited insulin-induced Akt phosphorylation, and loss of Des1 reduced lipogenesis and increased mitochondrial activity \[[@B68-nutrients-12-01505]\]. This showed that the presence of double bond is essential for ceramide-induced impairment of glucose homeostasis. Thus, DES1 is a potential therapeutic target for fatty liver, insulin resistance, and associated metabolic disorders.

At a molecular level, ceramide induces dephosphorylation of Akt by activating protein phosphatase 2A, and this leads to inhibition of insulin signaling \[[@B69-nutrients-12-01505]\]. In addition, the translocation of Akt to cell membrane is also blocked by ceramide \[[@B69-nutrients-12-01505],[@B70-nutrients-12-01505]\]. This is mediated by an inhibitory phosphorylation of Akt via PKCζ activation \[[@B70-nutrients-12-01505]\]. Contrary to these observations, some investigators have suggested that effects of ceramides on insulin signaling are indirectly mediated by changes in mitochondrial function \[[@B71-nutrients-12-01505]\]. For example, myriocin has been shown to improve mitochondrial electron transport chain activity and fatty acid oxidation \[[@B72-nutrients-12-01505]\] which could contribute to the observed improvements in insulin sensitivity \[[@B65-nutrients-12-01505]\]. Further, while the hepatic abundance of C~16:0~ ceramide is reduced in CerS6 as well as CerS5 knockout mice, only CerS6 deficient mice are protected from HFD-fed obesity, hepatic steatosis, glucose intolerance, and insulin resistance \[[@B73-nutrients-12-01505]\]. Hepatic mitochondria lacking CerS6, but not CerS5, showed increased mitochondrial activity \[[@B73-nutrients-12-01505]\]. This is because only those C~16:0~ sphingolipids that are synthesized by CerS6 interact with the mitochondrial fission-associated factor Mff, and this interaction is a mediator of the increase in mitochondrial fragmentation caused by HFD-induced obesity \[[@B73-nutrients-12-01505]\]. Overexpression of CerS6 in the liver of mice increased C~16:0~ ceramide content, impaired glucose homeostasis, and altered mitochondrial morphology. However, these effects were abrogated by concomitant Mff knockdown \[[@B73-nutrients-12-01505]\]. Thus, the increase in C~16:0~ ceramide does not lead to metabolic impairment in the absence of attendant mitochondrial dysfunction, and this dysfunction could decrease fat oxidation resulting in DAG accumulation, ultimately leading to reduced insulin signal transduction \[[@B12-nutrients-12-01505]\].

6.4. Pro-Inflammatory Cytokines {#sec6dot4-nutrients-12-01505}
-------------------------------

HFD and obesity result in adipocyte hypoxia that ultimately results in adipocyte cell death \[[@B12-nutrients-12-01505]\]. This causes macrophage recruitment and secretion of pro-inflammatory cytokines \[[@B12-nutrients-12-01505],[@B74-nutrients-12-01505]\]. Specifically, an increase in classically activated pro-inflammatory M1 macrophages and effector T cells in adipose tissue is observed in obesity and insulin resistance in mice and humans \[[@B74-nutrients-12-01505],[@B75-nutrients-12-01505],[@B76-nutrients-12-01505]\]. There is also a decrease in alternatively activated anti-inflammatory M2 macrophages and regulatory T cells \[[@B54-nutrients-12-01505],[@B75-nutrients-12-01505]\]. The M1 macrophages infiltrating the adipose tissue secrete pro-inflammatory cytokines tumor necrosis factor (TNF)α, interleukin (IL)-6 and IL-1ß \[[@B53-nutrients-12-01505]\]. In addition to local effects in adipose tissue, these cytokines are transported to the liver and muscle via systemic circulation where they reduce insulin sensitivity \[[@B74-nutrients-12-01505]\]. The role of these cytokines in regulating glucose homeostasis was first described in detail for TNFα \[[@B74-nutrients-12-01505]\]. Hotamisligil et al., showed an increase in adipose tissue TNFα expression and plasma TNFα levels in rodent models of obesity \[[@B77-nutrients-12-01505]\]. Obese mice lacking TNFα showed improved insulin sensitivity in metabolic tissues \[[@B78-nutrients-12-01505]\]. Compared with subcutaneous fat, the infiltration of macrophages is greater in visceral fat and is associated with relatively higher expression of cytokines \[[@B79-nutrients-12-01505]\]. The adipocyte-derived chemokines monocyte chemoattractant protein (MCP)-1 and leukotriene B4 (LTB4) are the major mediators of macrophage migration to adipose tissue \[[@B74-nutrients-12-01505]\]. In addition to adipose tissue, macrophage recruitment to liver and activation of Kupffer cells has also been linked to hepatic insulin resistance \[[@B80-nutrients-12-01505],[@B81-nutrients-12-01505]\]. The pro-inflammatory cytokines induce insulin resistance by phosphorylating serine residues of IRS proteins. This is mediated by downstream activation of kinases such as inhibitor of nuclear factor kappa-B kinase subunit bet (IKKß), c-Jun N-terminal kinase (JNK)1, and p38 mitogen-activated protein kinases (MAPK) \[[@B82-nutrients-12-01505],[@B83-nutrients-12-01505]\]. In addition, the pro-inflammatory cytokines increase the production of suppressor of cytokine signaling proteins (SOCS) proteins (SOCS-1, 3, 6, and 7) that block insulin signaling by blocking the tyrosine phosphorylation site of IRS proteins and increasing proteasomal degradation of IRS \[[@B54-nutrients-12-01505],[@B84-nutrients-12-01505]\]. Through these mechanisms, tissue inflammation and circulating inflammatory cytokines contribute to systemic insulin resistance \[[@B53-nutrients-12-01505],[@B74-nutrients-12-01505]\]. In addition, insulin resistance and associated inflammation stimulates lipolysis in adipose tissue which increases the supply of fatty acids and glycerol to the liver. These substrates fuel increased gluconeogenesis and induces insulin-independent de novo lipogenesis and ectopic lipid deposition in the liver \[[@B12-nutrients-12-01505]\]. Consequently, this leads to steatosis and worsening of hepatic insulin resistance \[[@B12-nutrients-12-01505]\].

Importantly, studies in rats have shown that ectopic lipid deposition in liver and muscle and insulin resistance in white adipose tissue develops within days of HFD-feeding, but adipocyte inflammation manifests itself after about four weeks, with infiltration of CD8 T cells taking place before macrophage accretion \[[@B76-nutrients-12-01505],[@B85-nutrients-12-01505]\]. Thus, adipose tissue inflammation and increased circulating cytokine concentrations are long-term consequences of HFD-induced obesity that are important for progression of insulin resistance and systemic metabolic abnormalities \[[@B12-nutrients-12-01505]\]. In addition, despite the link between systemic low-grade inflammation and type 2 diabetes, there are currently no approved drugs for managing diabetes that work via modulating immune mediators \[[@B86-nutrients-12-01505]\]. Preliminary trials involving IL-1ß antagonism (anakinra and canakinumab), TNFα inhibitors (e.g., etanercept), NF-kB pathway inhibition (salsalate) have either shown limited long-term success in improving clinical outcomes or have been associated with safety issues or both \[[@B86-nutrients-12-01505],[@B87-nutrients-12-01505],[@B88-nutrients-12-01505],[@B89-nutrients-12-01505],[@B90-nutrients-12-01505],[@B91-nutrients-12-01505]\]. However, a safe and effective drug for managing diabetes via immune modulation will have the likely added advantage of beneficial effects on cardiovascular complications and rheumatological disorders \[[@B86-nutrients-12-01505]\].

6.5. Selective Hepatic Insulin Resistance {#sec6dot5-nutrients-12-01505}
-----------------------------------------

Mouse models of obesity and insulin resistance as well as humans with type 2 diabetes show a combination of hyperglycemia, hyperinsulinemia, and hypertriglyceridemia \[[@B55-nutrients-12-01505]\]. Failure of insulin to inhibit hepatic glucose output and gluconeogenesis is the hallmark of hepatic insulin resistance \[[@B43-nutrients-12-01505]\]. Interestingly, in hepatic insulin resistance, the inhibition of glucose production by insulin is impaired but insulin-induced lipogenesis is unaffected. Insulin-stimulated phosphorylation of FOXO1 is reduced, expression of *PEPCK* and *G6Pase* genes remains elevated, but the lipogenic SREBP1c pathway remains sensitive to insulin, nuclear SREBP1c levels increase with hyperinsulinemia and this worsens triglyceridemia \[[@B55-nutrients-12-01505],[@B92-nutrients-12-01505]\]. This phenomenon has been described as "selective insulin resistance" in the liver \[[@B55-nutrients-12-01505]\]. In contrast, examination of the metabolic phenotype of the mice with liver-specific deletion of insulin receptor (LIRKO mice) showed that these mice with total hepatic insulin resistance have hyperglycemia and hyperinsulinemia but their plasma triglyceride levels are lower than controls \[[@B93-nutrients-12-01505]\].

The concept of selective insulin resistance in liver derives from the assumption that hepatic triglyceride content is mainly regulated by DNL \[[@B12-nutrients-12-01505]\]. However, increased re-esterification of fatty acids supplied to the liver from augmented adipose tissue lipolysis also contributes significantly to the liver triglyceride abundance, and this is independent of hepatic insulin signaling \[[@B12-nutrients-12-01505],[@B94-nutrients-12-01505]\]. In addition, hepatic DNL can be activated independently of insulin signaling by mechanisms such as activation of carbohydrate-responsive element-binding protein (ChREBP) and fructose induced DNL \[[@B12-nutrients-12-01505],[@B95-nutrients-12-01505],[@B96-nutrients-12-01505]\].

7. High-Fat Diet and the Heart {#sec7-nutrients-12-01505}
==============================

The fact that nutrition influences atherosclerosis has been evident since the first observation by Ignatowski \[[@B97-nutrients-12-01505]\] that diets high in animal proteins (milk, meat, and eggs) fed to rabbits caused intimal lesions with large clear cell (now called foam cell) accumulation in the aorta. Later, Anitschkow fed rabbits high cholesterol diets that produced aortic atherosclerosis similar to that seen in humans \[[@B98-nutrients-12-01505]\], and proposed a causal role of cholesterol in atherosclerosis, which remains the consensus \[[@B98-nutrients-12-01505]\]. Subsequently, cholesterol was isolated in human atherosclerotic plaques \[[@B99-nutrients-12-01505]\].

Epidemiological work in the 1950s found that indigenous diets were associated with high variability of coronary artery disease prevalence across different populations \[[@B100-nutrients-12-01505]\]. Individuals with coronary artery disease tended to have higher circulating cholesterol compared to their healthy counterparts. The Seven Countries study in 1957 found that populations with higher saturated fat intake had higher serum cholesterol, and follow-up work confirmed that they also had a greater burden of coronary artery disease \[[@B101-nutrients-12-01505]\]. This spurred a plethora of studies that examined whether reduction of saturated fat in the diet could reduce incidence of coronary artery disease. In 1968, the US National Diet-Heart Study showed that a low saturated fat could reduce serum cholesterol by 11--12% in a free-living population \[[@B102-nutrients-12-01505]\]. In 1990, Ornish et al., reported that a low-fat vegetarian diet (10% calories from fat and 5 mg dietary cholesterol per day) combined with stress management and moderate exercise intervention could cause coronary artery plaque regression \[[@B103-nutrients-12-01505]\]. Coronary angiography was repeated 5 years later, and additional regression was found in those maintaining the lifestyle intervention \[[@B104-nutrients-12-01505]\].

A subsequent primary prevention study, the multiple risk factor intervention trial (MRFIT) (1974--1982), took those in the top 15% of Framingham risk score and treated hypertension, cigarette smoking, and diet. The dietary intervention was far less strict in terms of cholesterol intake than the Ornish study (5 mg dietary cholesterol per day): 8% saturated fat, 250 mg dietary cholesterol per day, and 10% polyunsaturated fat intake. The dietary goals were not reached, although they did improve from baseline, and the changes in total and LDL cholesterol after 7 years of intervention were modest \[[@B105-nutrients-12-01505]\]. Hypertension was better controlled, and smoking was significantly reduced. However, the endpoints of reduction in mortality and coronary death were not achieved \[[@B105-nutrients-12-01505]\]. In contrast, a study performed in Spain (2003--2012), the PREvención con DIeta MEDiterránean (PREDIMED) study, demonstrated a 30% reduction in the combined outcomes of stroke, myocardial infarction, and cardiovascular death \[[@B106-nutrients-12-01505]\]. In this trial, participants were randomized to 1 of 3 diets: a Mediterranean-style diet supplemented with additional extra virgin olive oil, a Mediterranean-style diet supplemented with mixed nuts, or a control group that was counselled to follow a low-fat diet. Total fat intake was not reduced in those on the Mediterranean diet, whose fat source was fatty fish and plant based. Those randomized to low-fat diet were advised to reduce all types of fat, however adherence was poor, and their intake was similar to baseline diet \[[@B106-nutrients-12-01505]\]. The greatest difference in diets between the MRFIT and PREDIMED trials was the percentage intake of monounsaturated fats: 12.7% in the MRFIT and 22.1% and 20.9% in the PREDIMED study. There is now a wealth of literature regarding the cardioprotective effects of the Mediterranean diet's major constituents: nuts, fruits, vegetables, green leafy vegetables, legumes, whole grain, fish, moderate alcohol, fiber, poultry, and olive oil \[[@B106-nutrients-12-01505],[@B107-nutrients-12-01505],[@B108-nutrients-12-01505],[@B109-nutrients-12-01505],[@B110-nutrients-12-01505],[@B111-nutrients-12-01505],[@B112-nutrients-12-01505],[@B113-nutrients-12-01505],[@B114-nutrients-12-01505],[@B115-nutrients-12-01505]\].

In summary, the trials conducted in the 1960s, 1970s, and 1980s focused on reducing saturated fat intake, and while they achieved this and reduced serum cholesterol, they did not reduce incidence of myocardial infarction or coronary artery disease deaths \[[@B15-nutrients-12-01505]\]. In contrast, the Diet Reinfarction study \[[@B116-nutrients-12-01505]\], the Lyon Heart Study \[[@B117-nutrients-12-01505]\], the PREDIMED study \[[@B106-nutrients-12-01505]\], and more recent work by Li et al. \[[@B115-nutrients-12-01505]\] have shown that constituents of the Mediterranean diet providing healthy monounsaturated fats are more effective in preventing cardiovascular disease and reducing coronary artery disease deaths than low-fat, low-cholesterol diets.

There is also emerging data to suggest that Mediterranean Dietary intervention could be beneficial in heart failure. The alignment of the pathological drivers of heart failure with several beneficial mechanisms of the Mediterranean Diet are highly suggestive \[[@B118-nutrients-12-01505]\]. For example, oxidative stress is pathogenic in heart failure \[[@B118-nutrients-12-01505]\], and its mediators, such as oxidized low-density lipoprotein and its antibodies, are prognostic \[[@B119-nutrients-12-01505],[@B120-nutrients-12-01505],[@B121-nutrients-12-01505]\]; Mediterranean Dietary intervention reduced markers of inflammation \[[@B122-nutrients-12-01505]\]. Tuttolomondo et al., recently described how high-adherence to a Mediterranean-style diet was negatively correlated with presence of heart failure and with heart failure symptom severity, and is consistent with analysis performed by others \[[@B123-nutrients-12-01505],[@B124-nutrients-12-01505]\]. In a randomized sample of the PREDIMED study, Mediterranean dietary intervention was shown to reduce biomarkers of heart failure and inflammation \[[@B122-nutrients-12-01505]\]. Others have described the association between inflammatory markers and diastolic dysfunction in pre-clinical models, the bidirectional relationship of heart failure and inflammation, and suggested that control of inflammation is a critical consideration for the management of heart failure \[[@B125-nutrients-12-01505],[@B126-nutrients-12-01505]\]. Importantly, Levitan et al., demonstrated that adherence to either the Dietary Approaches to Stop Hypertension (DASH) and Mediterranean dietary patterns reduced heart failure mortality \[[@B127-nutrients-12-01505]\].

At the level of dietary components, there are several nutraceuticals present in the Mediterranean diet that have been shown to have beneficial health effects (reviewed in detail recently by Mirabelli et al. \[[@B128-nutrients-12-01505]\]). For example, resveratrol, a potent anti-oxidant present in red wine, skin of grapes, berries, and peanuts, has been demonstrated to reduce fasting glycemia and insulinemia, improve insulin sensitivity (reduced homeostatic model assessment of insulin resistance index), and decrease systolic and diastolic blood pressure in patients with type 2 diabetes \[[@B129-nutrients-12-01505]\]. Resveratrol acts as a calorie restriction mimetic and activates the sirtuin family of protein deacetylases \[[@B130-nutrients-12-01505]\]. Flavonoids are a group of polyphenolic compounds that are abundant in bright-colored fruits and vegetables including cherries, spinach, and citrus fruits. A meta-analysis involving eight prospective studies showed that high intake of flavonoids such as anthocyanidins, flavan-3-ols, flavonols, and isoflavones correlated with reduced risk of type 2 diabetes \[[@B131-nutrients-12-01505]\]. Extra virgin olive oil---a key component of the Mediterranean diet---is rich in several bioactive compounds including polyphenols and PUFAs \[[@B128-nutrients-12-01505]\]. These compounds have wide-ranging benefits such as attenuation of oxidative stress and improvement of endothelial function via anti-thrombotic and anti-inflammatory mechanisms \[[@B132-nutrients-12-01505]\]. This involves inhibiting the adhesion of lymphocytes to vascular endothelium, decreasing the expression of pro-inflammatory cytokines and chemokines, and inhibiting NF-kB signaling \[[@B128-nutrients-12-01505],[@B132-nutrients-12-01505]\]. Anthocyanins in olive oil exert neuroprotective effects via activation of the peroxisome proliferator-activated receptor γ \[[@B128-nutrients-12-01505]\]. The high-mobility group A1 protein (HMGA1) has been described as an important mediator for the positive effects of polyphenols on insulin sensitivity \[[@B128-nutrients-12-01505]\]. For example, ferulic acid blocked saturated fat-induced activation of PKC-ε in skeletal muscle cells that led to HMGA1-mediated increase in insulin receptor expression and insulin signaling \[[@B133-nutrients-12-01505]\]. Studies in HFD-fed mice showed that administering oleacein---a polyphenolic compound found in olive oil---reduced HFD-induced insulin resistance, adiposity, hepatic steatosis, lipidemia, and inflammatory infiltration of macrophages, and lymphocytes in adipose tissue \[[@B134-nutrients-12-01505],[@B135-nutrients-12-01505]\]. Oleacein reduced SREBP-1 activation and restored the expression of GLUT 4 in insulin sensitive tissues \[[@B134-nutrients-12-01505],[@B135-nutrients-12-01505]\].

As explained above, there is evidence suggesting that the Mediterranean Diet can be an effective preventative tool for coronary artery disease, metabolic disorders and can also have beneficial effects on heart failure outcomes, which may be at least partly related to anti-inflammatory effects. Data from RCTs such as the PREDIMED RCT suggest that coronary artery disease prevention is mediated through salutary effects on cardiovascular risk factors such as BMI, hypertension, lipids, and diabetes \[[@B106-nutrients-12-01505]\]. However, there is now a wealth of data documenting the beneficial effects of Mediterranean Diet, many of which could be orthogonal and additive to mediating traditional risk factors. For example, in Tuttolomondo et al.'s comprehensive review of the topic, in addition to benefits on insulin resistance, hyperinsulinaemia, and blood pressure, they report studies showing upregulation of incretins (e.g., GLP-1), reduction in pro-atherogenic foam cells, reduction of arterial stiffness, reduction in pro-inflammatory ceramides, and increased adiponectin and high-density lipoprotein concentrations \[[@B136-nutrients-12-01505]\].
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